The extracellular matrix (ECM) is proposed to play critical roles in organ morphogenesis through the stabilization and/or sequestration of signaling factors and adhesion molecules, and by maintaining organ integrity. As a first step toward understanding molecules involved in ECM modification and maturation, we have examined the embryonic expression profiles of ten prolyl 4-hydroxylase a subunit (PH4a)-related genes. Prolyl 4-hydroxylases (PH4) catalyze the formation of 4-hydroxyproline in collagens, the major components of the ECM, and are implicated in the hydroxylation of proline in several other secreted proteins. To date, two a subunit proteins have been described in both humans (PHaI and PHaII) and worms (PHY-1/DPY-18 and PHY-2), whereas only a single Drosophila a subunit has been identified. The ten PH4a-related genes described in this study are clustered in a 183-kb region near the tip of chromosome arm 3R and include the previously described Drosophila a subunit gene. Six of the ten PH4a genes in the cluster have tissue-specific embryonic expression. PH4a SG1 and PH4a SG2 are expressed in the salivary gland, PH4a MP is expressed in mouth-part precursors, PH4a PV is expressed in the proventriculus, and CG9698-E is expressed in the epidermis. PH4a EFB is expressed more broadly, with expression in the anterior and posterior midgut primordia, the fat body, the hemocytes and the epidermis. The expression profiles of these PH4a-related genes suggest that tissue-specific ECM modifications may be critical to organ formation and/or function. q
Results and discussion

Identification of Drosophila prolyl 4-hydroxylase a (PH4a )-related genes
Nineteen genes were identified in a BLAST search of the Drosophila genome (Adams et al., 2000) with the human type I PH4a subunit, ten map to 99F8-9, six map to a tight cluster at 75D1 and three are dispersed in other regions of the genome ( Fig. 1A ; data not shown). cDNA clones corresponding to eight of the ten genes in the 99F cluster were obtained and sequenced, seven of which encode complete open reading frames (ORFs). With five of these eight genes, the cDNA sequences differ significantly from those predicted by Celera Genomics due to discrepancies between predicted versus actual exon/intron boundaries. Thus, the predicted gene structure for the two genes in the 99F cluster for which cDNAs were not obtained (CG15539-NE4 and CG9698-E) and for the 5 0 half of PH4aNE1 should be viewed with some uncertainty. A Clustal_X alignment of the predicted proteins from the eight genes for which cDNA sequences were obtained revealed significant homology, especially in the C-terminal catalytic region, among all of the PH4a subunits in the 99F cluster (Fig. 1B) . Each of the ORFs, except that of PH4a NE3, contain an N-terminal signal peptide, which is required for targeting the protein to the endoplasmic reticulum, where the PH4 enzyme complex has been shown to function (Kivirikko and Pihlajaniemi, 1998) . All ORFs, except those of PH4a NE3 and PH4a PV, contain all five of the conserved cysteine residues found in the mammalian proteins. PH4a NE3 is truncated before the last cysteine, and PH4a PV has a tyrosine in place of the first conserved cysteine. Interestingly, the first cysteine is also missing in the Caenorhabditis elegans PHY2 protein (Friedman et al., 2000; Winter and Page, 2000) , and through mutagenesis experiments, this cysteine has been shown to be unnecessary for the biochemical activity of the human protein (Lamberg et al., 1995) . Each of the eight ORFs, except that of PH4a NE3, contains the two histidines and one aspartate found in the active site of human PH4aI. PH4a NE3 is missing the first histidine in the active site. All eight ORFs contain Five of the PH4a genes are oriented 5 0 to 3 0 from centromere to telomere, whereas the other five genes are oriented in the opposite direction. The Celera Genomics-predicted ORFs for which there were no available cDNAs are indicated in red. Relatively large regions separate PH4a NE3 and PH4aPV from each other (,40 kb) and separate both genes from the remainder of the cluster (,85 kb). Eleven predicted genes unrelated to PH4a subunits are also found in the complex; two separating PH4aEFB and PH4aSG2, eight separating CG9698-E and PH4aNE3 and one separating PH4a NE3 and PH4aPV. PH4a EFB has three introns (indicated by dashes) that are each greater than 4 kb. The remaining five introns in PH4aEFB and the introns in the other PH4a genes are significantly smaller and are not indicated. An alignment of the 99F PH4a proteins is shown in (B). Signal peptides are underlined in red. Residues identical in all ORFs are green and residues identical in only a subset are blue. Similar residues are yellow. Conserved cysteines are indicated with a red dot. The catalytically important histidine, aspartate and lysine residues are indicated with black arrowheads.
the conserved lysine residue that binds the C-5 carboxyl group of 2-oxoglutarate, a cofactor involved in the proline hydroxylation reaction (Kivirikko and Pihlajaniemi, 1998 ).
Expression of the 99F cluster of PH4a -related genes
We examined the expression of each of the 99F PH4a genes by both Northern blots to embryonic poly A-selected mRNA and in situ hybridization to whole mount embryos. Six of the ten genes are expressed during embryogenesis and all six genes have tissue-specific expression profiles (Table  1) . Each of the ten genes has been given a name that reflects their homology to the PH4a subunits and their embryonic expression profile.
Expression of two of the PH4a genes in the 99F cluster is elevated in the salivary gland starting in late embryonic stage 10 (shortly after the glands are specified; Andrew et al., 2000) and continuing throughout embryogenesis. PH4a SG1 encodes a 2.0-kb transcript expressed to very high levels in the salivary glands and to low levels in all other tissues ( Fig. 2A-C ; data not shown). PH4a SG2 encodes a 1.8-kb mRNA expressed exclusively in the salivary gland ( Fig. 2D-F ; data not shown).
Based on Northern analysis, the originally characterized Drosophila PH4a-subunit has been reported to be expressed during larval, but not embryonic or adult, stages (Annunen et al., 1999) . We also did not detect transcripts on Northern blots of embryonic RNA; however, whole mount in situ hybridization revealed very limited expression of PH4a MP in the head region of late embryos, in mouthpart precursor cells ( Fig. 3A-F) . The limited embryonic expression of PH4a MP could explain the failure to detect the transcript on Northern blots.
PH4a PV mRNA is limited to the proventriculus and is detectable only during embryonic stages late 14 through early 16 (Fig. 4) . Northern blot analysis revealed transcripts in the 2.0-2.4 kb size range (data not shown).
PH4a EFB has the most extensive embryonic expression profile of all the PH4a genes in the cluster. PH4a EFB transcripts are first detected during embryonic stage 8 in both the anterior and posterior midgut primordia (data not shown). Transcripts are also detected in the mesoderm by embryonic stage 9 (Fig. 5A,B) . Later in development, expression is observed in the fat body (a mesodermal derivative), in epidermal cells that form the larval denticles and hairs, and in hemocytes ( Fig. 5D-F ; data not shown). PH4a EFB encodes a transcript of 2.4 kb based on Northern analysis (data not shown).
We were unable to obtain cDNA clones corresponding to two of the predicted PH4a-related genes within the 99F cluster (CG9698-E and CG15539-NE4). To determine whether or not they encode genes expressed in embryos, we cloned polymerase chain reaction (PCR) fragments of the corresponding genomic regions into a vector suitable for probe synthesis. No expression was detected with probes to CG15539-NE4 either by Northern analysis or whole mount in situ hybridization, suggesting that CG15539-NE4 does not contain a gene expressed in the embryo (data not shown). The CG9698-E genomic probe, however, revealed expression in the embryonic epidermis in cells that later form the larval denticles and hairs (Fig. 6) . Northern blot analysis with CG9698 revealed a 2.1-kb embryonic transcript (data not shown).
Probes for four of the genes in the 99F cluster did not detect transcripts by Northern blot analysis or by in situ hybridization to whole mount embryos. We refer to these genes as PH4a non-embryonic 1-3 (PH4a NE1, PH4a NE2, PH4a NE3) and CG15539-NE4.
Phylogenic tree of known PH4 genes
A phylogenic tree was constructed based on sequences of the known vertebrate, worm and fly PH4a proteins in the 99F complex for which cDNAs were available (Fig. 7) . 
n/a n/d n/d -PH4a EFB, the PH4a most broadly expressed in the Drosophila embryo, groups closest to the vertebrate and worm counterparts, whereas PH4a NE1 and PH4a MP do not group with each other or with the other proteins included in the analysis. Interestingly, the two Drosophila salivary gland-expressed hydroxylases (PH4a SG1 and PH4a SG2) group together, suggesting that they may have arisen from a recent duplication.
Concluding remarks
We have described the sequence, gene organization and embryonic expression profiles of ten of the 19 PH4a-related subunits identified in Drosophila based on their homology to human PH4aI. Nine of the ten genes encode proteins containing signal sequences and all the conserved residues shown to be critical for the function of their mammalian homologues, suggesting that the Drosophila proteins have activities similar to the mammalian enzymes. The one exception, PH4aNE3, does not contain a signal sequence and is missing one of the critical histidines in the catalytic region as well as the conserved terminal cysteine. These variations suggest that PH4aNE3 may not only have a divergent function, but may also function elsewhere in the cell. A BLAST search of the human EST database with either the human PH4a type I or II protein sequences does not reveal any additional homologues, suggesting that there may only be two such proteins in mammals. The existence of more versions of the fly gene than of the mammalian counterparts is rather unusual. Typically, there are three to four mammalian homologues of each fly gene; well-known examples include the Hox/homeotic and the EGF-receptor genes, where in each case, there are as many as four mammalian paralogues for each fly gene (McGinnis and Krumlauf, 1992; Schweitzer and Shilo, 1997) . A possible explanation for the relatively large number of PH4a genes in Drosophila is that insects and mammals may have evolved alternative strategies for creating heterogeneity in the ECM of different organs. Collagens, which are present at high levels in the ECM, are the best known substrates for PH4as. There are 38 known collagen genes in mammals and various tissues express different combinations of collagens, in keeping with the observation that mutations in different collagen genes lead to a wide variety of human diseases (Myllyharju and Kivirikko, 2001) . A search of the Drosophila genome reveals only two collagen genes, both of which encode proteins related to collagen IV (Yasothornsrikul et al., 1997) . It is plausible that in mammals, the combination of only two PH4a genes, which also show tissue-specific expression (Nissi et al., 2001) , and 38 collagen substrates could provide the same range of tissue-type ECM diversity as could be generated with 19 PH4a genes and only two collagens. However, the Drosophila collagens are not ubiquitously expressed; transcripts for both genes are observed primarily in hemocytes and fat body cells (Mirre et al., 1988; Yasothornsrikul et al., 1997) . This expression overlaps with PH4a EFB (Fig. 5) , the Drosophila protein most similar to the two human PH4a enzymes (Fig. 7) . These findings raise the possibility that PH4aEFB is the only Drosophila PH4a that modifies collagen and that the others may exist to modify noncollagen and/or collagen-related substrates in other tissues.
A search for collagen domain-like containing proteins in the Drosophila genome reveals a number of predicted proteins with pro-pro-gly repeats. Thus there exists the potential for a variety of non-collagen or collagen-related substrates. Identifying the substrates for the 99F PH4as may uncover interesting details about how tissue-specific differences in the ECM of various organisms are achieved. The identification and characterization of mutations in the PH4as should also reveal whether the different fly enzymes have evolved unique tissue-and substrate-specific activities.
Materials and methods
cDNA clones from the Berkeley Drosophila Genome Project (BDGP)
The following cDNAs were obtained from Research Genetics (Invitrogen: Huntsville, AL, USA): CK02267, SD05564, LP12267, GH21465, GH17175, AT27756 and RE70572. DNA sequencing was performed at the Johns Hopkins University School of Medicine Core Sequencing facility.
Library screening and PCR amplification from cDNA libraries or genomic DNA
Approximately one million plaques from a 12 to 24-h embryonic lgt10 cDNA library (Poole et al., 1985) were screened using the 500-bp CK02267 fragment (Kopczynski et al., 1998) . The largest processed clone corresponds to a 1.7-kb cDNA, which codes for a 540 residue protein. A clone corresponding to the originally characterized Drosophila PH4a subunit PH4a MP (Annunen et al., 1999) was PCR amplified from an embryonic cDNA library (Brown and Kafatos, 1988) ing PCR products were cloned into a pCR2.1 vector using the TOPO PCR cloning system according to manufacturer's protocol (Invitrogen; Carlsbad, CA, USA).
Whole mount in situ hybridization and Northern blot analysis
Whole mount in situ hybridization was performed as described (Lehmann and Tautz, 1994) , using digoxigeninlabeled RNA probes hybridized to 0-20-h embryos at 568C overnight. For Northern blot analysis, total RNA (,100 mg) isolated from 0 to 24-h embryos was poly-A selected using the Fast Track 2.0 kit (Invitrogen; Carlsbad, CA, USA). Northern strips were made by running 6 mg of mRNA per lane and blotting the RNA onto Hybond-N nylon membranes according to manufacturer's protocol (Amersham Pharmacia Biotech; Piscataway, NJ, USA). Strips were hybridized to DNA probes labeled by random priming using standard conditions.
Protein alignment and phylogenic tree construction
Homology searches were performed using BLAST (http:// www.ncbi.nlm.nih.gov). Protein alignments were constructed using Clustal_X (Thompson et al., 1997) and MacBoxshade (http://www.netaxs.com/jayfar/mops.html). Signal peptides were identified using PSORT (http://psort.nibb.ac.jp/form2.html). The phylogenic tree was constructed by performing a maximum parsimony heuristic search with PAUP 4.08b (Swofford, 1999) .
